The Tibetan Plateau hosts one of the world's highest undisturbed alpine juniper 24 shrublines. However, little is known about the dynamics of these shrublines in 25 response to climate warming and shrub-to-shrub interactions. Since growth of 26 42 We conclude that moisture availability limits the recruitment and elevational advance 43 of junipers in this area of the Tibetan Plateau. Dynamics of alpine shrublines are more 44 3 contingent on positive interactions and local environmental factors than on regional 45 climatic variability. 46 
shrubline junipers is limited more by moisture availability than by low temperatures, 27 we tested if upslope advancement of alpine juniper shrublines was constrained by 28 warmer temperatures and related recent droughts. We also evaluated whether 29 facilitation among neighboring shrubs, as inferred from spatial analyses, influenced 30 shrubline dynamics. Three rectangular plots crossing the Juniperus pingii var. wilsonii 31 shrubline were sampled at elevations from 4810 to 4917 m a.s.l. near the Nam Co 32 Lake, central Tibetan Plateau. Location of each stem and its diameter at the root collar 33 and age were measured. We reconstructed the spatial and temporal shrubline 34 dynamics during the past 350 years using standard dendrochronological methods. 35 Independent, long-term summer temperature reconstructions also were associated 36 with shrub recruitment. Point-pattern analyses were used to characterize spatial 37 patterns of different size classes of shrubs. The three shrublines showed little 38 long-term changes despite ongoing warming; no upward shift has occurred in the past 39 100 years. Recruitment was negatively associated with summer temperatures and 40 drought occurrence since the 1920s. Spatial patterns were characterized by clustering 41 at local scales and attraction between the different size classes, suggesting facilitation. Dendroecology; alpine shrubline; climatic warming; conspecific facilitation; drought; 48 Tibetan Plateau. 49 50 51 52 1. Introduction 53 A growing body of evidence shows that global climatic warming has been altering 54 the composition, structure, and distribution of ecosystems worldwide (IPCC, 2014) . 55 Among these structural changes, the northern or upward expansion of shrublines-the 56 highest latitude or uppermost altitude at which shrubs occur-into arctic tundra or 57 alpine grasslands is often regarded as fingerprint of global climate warming (Sturm et 58 al., 2001; Post et al., 2009 ). However, little is known about the range shift of alpine 59 shrublines in mid-latitude mountains subjected to predictable seasonal changes in 60 precipitation and moisture availability, even though alpine shrublands are a major 61 community in these treeless regions (Körner, 2003) . 62 Climatic warming is expected to lead to shifts of latitudinal or altitudinal treelines 63 and shrublines (Kullman, 2002; Myers-Smith et al., 2011; Hofgaard et al., 2013) 64 because minimum air and soil temperatures set the frame for the processes at the 65 leading edge of woody plant communities (Fang et al., 2009; Lv and Zhang, 2011; Liu 66 and Yin, 2013). However, in areas subjected to seasonal water deficits, positive effects 67 of warming on local treelines or shrublines could be canceled out without concurrent 68 increases in precipitation that would alleviate heat-induced moisture stress (Daniels 69 and Veblen, 2004; Wahren et al., 2005) . For example, where plant growth at alpine 70 treeline or shrubline is limited by moisture availability during the early growing 71 season (Liang et al., 2012 (Liang et al., , 2014 or the previous winter (Pellizzari et al., 2014) , the 72 treelines or shrublines could be at risk of retreat if lack of water leads to growth 73 decline, constrains recruitment, or increases mortality rates. 74 5 Local site conditions (e.g., disturbance, topography, biotic interactions) also buffer, 75 nullify, or alter climatic impacts on treelines and shrublines (Callaway et al., 2002; 76 Kikvidze et al., 2005; Case and Duncan, 2014) , resulting in heterogeneous and locally 77 contingent responses of nearby ecotones to shared climatic forcing (Harsch et al., 78 2009). Among those local factors, plant-plant interactions increasingly are thought to 79 be major drivers of treeline and shrubline dynamics (Batllori et al., 2009; Grau et al., 80 2012) . However, surprisingly little information is available about whether such 81 interactions play a role in mediating alpine shrubline dynamics as the climate warms 82 (Dullinger et al., 2011) . 83 One of the world's highest natural alpine shrublines occurs on the Tibetan Plateau 84 (Wu, 1983; Huang and Zhang, 2011) . In these cold, dry, and treeless regions, 85 shrublands are the primary locus of nutrient cycling, water flow regulation, carbon 86 sequestration, and biodiversity (Huang and Zhang, 2011) . However, little is known 87 about the impacts of climatic warming on the structure and distribution of alpine 88 shrublines. Juniperus pingii var. wilsonii (Rehder) Silba is a widespread alpine shrub 89 forming the upper shrubline across the central Tibetan Plateau at elevations over 4900 90 m. The extremely harsh climatic conditions experienced at the upper limit of shrubs 91 lead to a relatively narrow ecotone of less than 100-m between the shrubline and other 92 alpine vegetation devoid of taller shrub species. 93 Here we assess how regional climatic conditions and local-scale biotic interactions 94 (cf. Callaway et al., 2002) affect dynamics at three high-elevation J. pingii var. 95 wilsonii shrublines. Specifically, we: (1) reconstructed the age structure of individual 96 6 shrubs; (2) revealed alpine shrubline dynamics on multi-centennial time scales; and (3) 97 inferred underlying processes of shrubline dynamics from spatial point-pattern 98 analyses of different size classes of shrubs. Our earlier research had shown that the 99 radial growth of J. pingii var. wilsonii is limited by scarce precipitation rather than by 100 low temperature (Liang et al., 2012) . Thus, we hypothesized that on the three 101 shrublines we studied that the upslope advancement of the shrubline would be 102 constrained by recent warming-related droughts. Further, because patchy patterns in 103 alpine shrublands across harsh environments can reflect intraspecific facilitation 104 (Choler et al., 2001; Armas and Pugnaire, 2005) , we also hypothesized that positive 105 conspecific interactions would be reflected in clustered spatial patterns of individual 106 junipers. to measure the stem diameter (± 0.01 mm) and tapes were employed to measure shrub 178 height (± 10 cm). We did not find any dead shrubs within any of the plots. 179 The age structure of shrubs within the three study plots was obtained using 180 dendrochronological methods (Camarero and Gutiérrez, 2004) , as have been used to 181 document shrubline changes in recent years (Myers-Smith et al., 2015) . An increasing 182 number of treeline studies have explored recruitment dynamics using static age 183 structures, which reflect the balance between survival and mortality rate (Camarero 184 10 and Gutiérrez, 2004; Liang et al., 2011) . Due to the dense wood and small size of 185 shrub stems, collecting discs, not increment cores, are used frequently in the Tibetan 186 Plateau and the Arctic to measure their growth rings of shrubs and relate shrub growth 187 to climate (see reviews in Myers-Smith et al., 2015) . In fact, we broke several 188 increment borers during field investigation. However, because sampling stem discs 189 destroy the stem, we could not collect discs from every juniper in the plot. Rather, we We used the univariate O 11 (r) statistic to examine spatial patterns of three 234 different size classes: size 1 (stem diameter at the root collar ≤ 3 cm); size 2 (3 < stem 235 diameter ≤ 8 cm); and size 3 (stem diameter > 8 cm). These three size classes 236 correspond to different age classes, because shrub size was found to be related to 237 shrub age (Fig. 3a) . Specifically, size classes 1, 2, and 3 corresponded to the following 238 age classes: age ≤ 80 yrs, 80 yrs < age ≤ 150 years, and age > 150 years, respectively. 239 Such classification agreed well with the distribution of shrub ages at the three study 240 plots (Fig. 3b ). We used a heterogeneous Poisson process as the null model to We used the O 12 (r) statistic to study spatial associations between pairs of the three 251 different size classes of shrubs. We assumed that larger shrub individuals (size 3 in 252 this study) could influence smaller individuals (size 1 and 2), but not vice versa. 253 Hence, we used an antecedent condition as the null model, which only randomized the Stem diameter classes were right-skewed and unimodal in all plots (Fig. 4) . The 269 maximum stem diameters at the root collar were 17.2, 20.2, and 25.5 cm in plots SE1, 270 SW1, and SE2, respectively. Most junipers were < 80 cm tall, but the maximum 271 height of individuals within the three plots ranged from 113 to 150 cm (Fig. 3c, d, e ). The oldest junipers in plots SE1, SW1, and SE2, respectively, were estimated to 275 be 351, 409, and 512 years in (Fig. 3b) , but there were only one or two individuals 276 older than 350 years in any of the plots. Reconstructed recruitment in each plot 277 appeared to be common before 1950, but rare thereafter (Fig. 5) Considering all size-classes together, junipers in all sampled plots were 301 significantly aggregated at spatial scales of 1−10 m (in plots SE1 and SE2) or 1−7 m 302 (plot SW1). Among the three size classes, aggregated distributions in plot SE1 were 303 detected at spatial scales of 1−10 m (size-classes 1 and 2) or 1−3 m (size-class 3) ( Fig.   304 7a). In this same plot, the three analyzed pairings among the size classes (size-class 1 305 vs. size-class 2, size-class 1 vs. size-class 3, and size-class 2 vs. size-class 3) were 306 positively associated at spatial scales from 1 to 6 m. In plot SW1, size-classes 1 and 2 307 were significantly aggregated from 1 to 6 m, but size-class 3 was CSR (Fig. 7b) . 308 Bivariate analysis revealed that all size classes were positively associated from 1 to 3 309 m in plot SW1. In plot SE2, all three size classes were significantly aggregated at 310 spatial scales of 1−8 m (size-class 1), 1−3 m (size-class 2) and 1−2 m (size-class 3) 311 (Fig. 7c) . In contrast to the other two plots, however, negative spatial associations 312 were found for SE3 between size-classes 1 and 3 at 1−7 m, whereas other pairs 313 (size-class 1 vs. size-class 2, size-class 2 vs. size-class 3) were significantly positively 314 associated at spatial scales from 1 to 10 m. Overall, spatial associations were stronger 315 between the larger size classes (size 2 vs. size 3) than between the smallest and bigger China (Wang et al., 2006) . 339 We suggest that age structures of juniper shrub plots also can provide insight into 340 recruitment conditions on the central Tibetan Plateau. We acknowledge that the around Nam Co Lake (Liang et al., 2012) . We infer that such aggregated spatial 389 patterns are produced by conspecific facilitation as has been found in some other 390 treelines (Camarero et al., 2000) . Clumping patterns also may stabilize shrubline 391 dynamics by retarding the advance of the ecotone and leading to shrubline stasis 392 (Harsch et al., 2009) . in Thompson et al., 2006) . Positive and negative Z-scores correspond to warm and 604 cool summer conditions, respectively. (a) SE1 1764-1813 1664-1713 1714-1763 1814-1863 1864-1913 1914-1963 1964-2013 
